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A B S T R A C T
In this study, a photo-catalyst of titanium oxide was coated on zeolite by the sol–gel method. The generation of
the zeolite-titanate photo-catalyst was optimized at conditions of calcination temperature (300, 350, 400 and
500 °C), calcination time (1, 2, 3, and 4 h), and titanate content (0, 2, 4, 6, and 8 mL). The catalyst was used for
‘Sonication/UV/H2O2″ activity and finally, eliminating ibuprofen. Physicochemical properties of the as-built
photo-catalysts for all optimized conditions were determined using FESEM-EDX-mapping, BET, FTIR, and XRD.
The highest percentage of ibuprofen removal (98.9%) was obtained at conditions of zeolite to titanium ratio of
1 g: 2 mL, time in the furnace of 1 h, and temperature of the furnace of 350 °C. The optimum photo-catalytic
(namely, Cat-350-1-2) had a surface area value of 39 m2/g and a crystalline size of 4.9 nm. The surface area for
all photo-catalysts increased after being used for ibuprofen removal, possibly due to ultrasonic waves. The
presence of Ti-O, benzene ring, O-Al-O, O-Si-O, C–H, and O–H in the photo-catalysts structure were confirmed.
Growing the calcination time resulted in an increase in the crystallinity of titanium dioxide in the photo-catalysts
and, ultimately a reduction in the ibuprofen removal. The consumed energy by the developed system was cal-
culated for the presence (0.094 kJ/g) and absence (17.5 kJ/g) of the ultrasonic wave. The degradation pathway
and reaction kinetic are also explored and proposed. The results showed that the ultrasonic-UV-activated H2O2-
based technique can be applied as an alternative method for ibuprofen removal from aqueous media.
1. Introduction
Emerging pollutants like personal care products, pharmaceuticals,
and disruptive endocrine chemicals make a wide range of new con-
taminants in environmental matrices. These pollutants have caused
recent ecological and health concerns. Pharmaceuticals comprise a
wide range of therapeutic compounds that have been used in human
and veterinary medicine for many years [1,2]. Ibuprofen (IBU) is
usually prescribed for curing fever, inflammation, pain, or minor in-
juries. The worldwide consumption of IBU is ~ 200 tons per year. The
presence of IBU can highly affect the growth of fish, microorganisms,
seaweeds, and various fungal species. Ibuprofen affects estrogen
homeostasis and thus damages reproduction [3]. Numerous studies
have detected IBU in wastewater treatment plant effluents
(0.002–95 µg/L), water bodies (0.01–0.4 µg/L), and tap water
(0.00013–0.0002 μg/L) [4]. Finding this drug in the environment
indicates the inability of conventional sewage treatment systems to
remove it and also its stability in the environment. Therefore, it would
be highly commendable to offer a technique that can remove or convert
drugs like ibuprofen from wastewater to harmless compounds. Recent
scientific papers have published several methods to eliminate IBU from
aqueous media such as the adsorption to modified activated carbon
[5,6], biodegradation [7,8], and advanced oxidation [9,10]. In the
adsorption technique, the contaminant is only transferred from the
water/ wastewater to the adsorbent structure without decomposition.
Therefore, the proper disposal of saturated adsorbents is still an en-
vironmental concern. Biodegradation is also an excellent way to treat
biodegradable pollutants. However, this method is not capable of en-
tirely decomposing pharmaceutical compounds [11]. On the other
hand, a lot of space is needed for this technique, so it is not economical
[12]. One of the methods used in recent years to remove emerging
pollutants is advanced oxidation-based methods. Advanced oxidation
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processes are based on the generation of strong oxidants such as hy-
droxyl, sulfate, and chlorine radicals in solution. Hydroxyl radicals (OH
%) can quickly oxidize contaminants in a non-selective manner [13].
Photo-catalytic oxidation with ultraviolet-assisted radiation and semi-
conductor materials is a new approach for controlling organic com-
pounds.
Among semiconductor materials, titanium dioxide is the most active
photo-catalyst. Widespread use of this catalyst is due to its physical and
chemical stability, low energy consumption, and cost-effectiveness,
being non-toxic, and resistant to corrosion [14]. Stabilization of tita-
nium dioxide nanoparticles on materials with an unusually high surface
area increases the photo-degradation efficiency.
Research has shown that zeolites or their modified form can be used
for oxidation processes [15]. The porous structure, morphology, and
specific surface area of zeolites can affect their catalytic ability. One of
the restricting aspects of the application of photo-catalysts is their low
specific surface area. Modifying zeolites with metal oxides can provide
a more active surface and prevent clotting, thus significantly enhancing
the removal efficiency [16,17]. The TiO2/zeolite catalyst is a new
compound that can be tested in catalytic processes for pollutant re-
moval.
Another component of advanced oxidation techniques is the soni-
cation wave that has been used in processes such as sonolysis [18],
sono-enzymatic degradation [19], sono-ozone process [20], sono-
photo-catalytic process [9], sono-Fenton system [18], and sono-photo
method [21]. The sonication wave can produce hydroxyl radicals and
play a role in mass transfer [22].
The influence of inorganic oxidants, such as H2O2 to enhance the
sono-degradation rate of pharmaceuticals, has been proven as a radical
producer [21]. Hydrogen peroxide has advantages such as convenient
storage and OH% oxidation power (K~106–109 M/s) by improving the
O-O partition with quantum photon energy over other oxidizers like
ozone, persulfate, and periodate [21]. Hydroxyl radicals are involved in
purifying toxic organic compounds, eventually converting them into
smaller compounds or carbon dioxide and water. Moreover, the hy-
droxyl radical is superior to the ozone oxidizer because ozone does not
react with IBU [23].
The method of preparing and optimizing the factors affecting photo-
catalyst construction is vital for achieving higher photo-catalytic ac-
tivity. Three critical parameters for manufacturing photo-catalysts are
TiO2 loading, calcination temperature (time in the furnace), and cal-
cination time (residence time in the furnace). The optimum values of
the residence time of the material in the furnace and calcination tem-
perature can develop the specific surface and cavity volume of the
photo-catalyst and thus expedite the degradation rate [16].
Although some articles [24–27] have been published on zeolite/ti-
tanium to remove certain types of pollutants, the parameters that in-
fluence the construction of this photo-catalyst remain unknown and
incomplete. Therefore, the purpose of this study was to optimize (I)
furnace temperature, (II) furnace time, and (III) titanate to zeolite ratio
to produce a zeolite/titanate photo-catalyst that has not yet been op-
timized and characterized so far. This photo-catalyst was used to re-
move ibuprofen in the ‘zeolite/titanate/H2O2/sonication/UV’ system.
Physico-chemical properties of the prepared photo-catalysts are pro-
vided under different conditions. The mechanism, pathway, kinetics,
and energy consumption for ibuprofen removal by the developed
system were also explored.
2. Experimental
2.1. Materials, solutions, and devices
In this investigation, all chemicals were used without processing.
Ibuprofen powder (C13H18O2; 2-(4-isobutylphenyl)propanoic; solubility
in water: 0.021 mg/mL at 20 °C; molecular weight: 206.29 g/mol,
purity ≥98%) was purchased from Dana Pharmaceutical Company
(Iran). Deionized water was provided by Zolal Chemical Medicine
Company. Zeolite was purchased from Sigma and tetrapropyl ortho-ti-
tanate from Merck Company. Hydrogen peroxide was prepared from
Kimia Exir (Iran) with a purity of 35%. Ethanol (96%) was also pur-
chased from the Khorasan Distillery Company. NaOH and HCl were also
bought from Kimia Materials Company and was used to adjust the so-
lution pH. The stock solution of the ibuprofen molecule was prepared
by dissolving the desired amount of IBU in distilled water. Due to the
volatility of the stock IBU solution, it was prepared daily. Ultrasonic
Model S30H from Elma Germany with 2.75 L capacity (tank inner di-
mensions of W: 240 mm, D: 137 mm, and H: 100 mm) and the fre-
quency of 37 kHz and a UVC lamp (6 w, Philips, Poland). The amount of
electrical energy coming into the reaction solution from the ultrasonic
apparatus is calculated using the calorimetric method as 5.04 kJ. Other
instruments used in this study included the furnace (Carbolite model),
the oven (Shimaz model), the pH meter (Mettler Toledo), and the
shaker-incubator (Fan Azmagostar model).
2.2. Reactor specifications
The cylindrical reactor was made of stainless steel with a height of
24 cm and a diameter of 4.1 cm with a volume of 460 mL. The UVC
lamp was put into a quartz protective tube in the middle of the reactor.
The volume of the reactor was reduced to 313 mL after installing the
UVC lamp. During the tests, the reactor was placed inside the ultrasonic
tank. The temperature was constant during the experiments through
constant discharge water inlet and outlet in the ultrasonic device. Due
to the limitation of the ultrasonic tank, half of the reactor (150 mL) was
filled with IBU solutions. The schematic of the reactor is displayed in
Fig. 1.
2.3. Optimization of zeolite-titanate photo-catalyst
The sol–gel approach was applied to make zeolite-titanate photo-
catalysts [28]. To this end, 4 mL of titanium propoxide was added drop
by drop to 2 mL of ethanol and agitated at room temperature for half an
hour (Solution A). Then, 0.4 mL of nitric acid and 2 mL of distilled
water were poured to 17 mL of ethanol (Solution B). After that, Solution
B was added dropwise to Solution A and stirred for one hour until a
clear sol was achieved. Then, 2 g zeolite was added to the transparent
sol. The mixture was first agitated for half an hour and kept at room
temperature (24 ± 1 °C) for 24 h. The ultimate solution was dried at
80 ± 2 °C for 4 h. The dried product was calcined for 3 h at 300 °C.
Then, a photo-catalyst was obtained at 300 °C. The steps for preparing
the zeolite-titanate photo-catalysts at temperatures of 350, 400, and
500 °C were repeated for 3 h. After cooling the samples, the zeolite-
titanate photo-catalysts were powdered, sieved, and prepared for
testing. The zeolite-titanate photo-catalyst was prepared at different
incubation times and various ratio of zeolite to titanate. Reaction
conditions for the optimization of the zeolite-titanium catalyst are fully
described in Table 1.
2.4. Design of experiments
The amount of 15 mL of ibuprofen stock solution was taken and
poured in the reactor. The volume of the solution was increased to
150 mL by the addition of distilled water and 0.7 mL of 35% H2O2
solution. The solution pH was set to 7 ± 0.2, then, 0.25 g of as-pre-
pared catalyst was poured into the photo-reactor. The reactor was
placed in the ultrasonic bath apparatus for 100 min. After the desired
time, the content of the reactor was passed through the filter (Whatman
paper, 0.42 µm) and the residual of IBU and COD parameter of the
filtrate was analyzed. In this study, all experiments were repeated three
times, and the mean of the acquired results is presented alongside the
standard deviation (as error bars in the figures). The efficiency of the
measurements was calculated based on the material balance formula.
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2.5. Measurements
To characterization purposes, the used photo-catalysts were sepa-
rated by the filter and dried at 70 °C for 5 h. SEM-mapping, FTIR, EDX,
BET, and BJH experiments were performed on the dried samples. The
same tests were performed for the fresh photo-catalyst. The surface
morphology of the zeolite-titanate materials was determined by FESEM
using the German Zeiss Sigma VP Electron Microscopy Scanner. The
samples were subjected to a high vacuum with a thin layer of gold for
electrical conductivity in a sputtering system. The specific surface
characterizations of the photo-catalyst samples were done using an
automated BET analyzer (Micrometric, Model ASAP 2020) by mea-
suring nitrogen adsorption at 77 K. In this method, by measuring the
pressure of nitrogen injected into the interior of the materials, the
specific adsorption surface is analyzed. Functional groups were ana-
lyzed using Fourier Transmission Infrared (FTIR, Bruker-Germany
Tensor Model II), in the range of 400–4000 cm−1. To describe the
crystal structure, X-ray diffraction (XRD, Pert Pro 'X, a Panalytical
company) patterns were performed on an advanced D8 X-ray dif-
fractometer with Cu Kα at 40 kV and 40 mA from 5 to 80° (2θ) and
recorded using a detector. The chemical composition was evaluated
simultaneously by EDX and mapping experiments using Oxford
Instrument UK. The COD measurements were performed using the
HACH spectrophotometer DR6000 using a photometer at 620 nm after
the removal of the confounders. The content of the IBU molecule was
determined by Waters 2695 HPLC tool equipped with a specified
detector (Waters Alliance 2998-PDA) at λ = 210 nm. The mixture of
formic acid (0.1%) and methanol (25:75 v/v), pH 2.5, at a flow rate of
1.0 mL/min was applied as an eluent.
3. Results and discussion
3.1. Effect of furnace temperature on ibuprofen removal
Fig. 2 shows the effect of the furnace temperature on the removal
rate of ibuprofen. In the first step, for the manufacturing of zeolite- TiO2
photo-catalyst, the effect of different calcined temperature (300, 350,
400, and 500 °C for 3 h) was investigated. As shown in Fig. 2, the
highest percentage of ibuprofen removal (COD: 68% and IBU: 78%) was
obtained with the Cat-350-3-4 photo-catalyst. The calcination tem-
perature for each photo-catalyst directly affected on its crystallization
and photocatalytic activity. Heating of TiO2 at high temperatures
causes its irreversible change; for example, the yellowing (burning) of
titanate due to the development of the crystal lattice and the band re-
constructed by the growth of rutile nuclei and crystalline formation
[29]. The above factor results in a decrease in the specific surface of
TiO2 and thus results in weaker photo-catalytic activity. Calcination has
not been tested at high temperatures. Because at temperatures> 600 °C
the rutile phase of titanate dominates, which reduces its photovoltaic
activity [30]. The catalyst synthesis method is one of the main factors
affecting the physical and chemical properties. Generally, the high
temperature reduces the surface area of TiO2 and decreases the level of
Fig. 1. Schematic of the reactor and accessories used in this research.
Table 1
Test conditions for optimization of the zeolite-titanium catalyst for removal of ibuprofen (catalyst dose: 1.5 mg/L, sonication time: 100 min, and ibuprofen con-
centration: 100 mg/L).
Parameter Furnace temperature (°C) Residence time in furnace (h) mL titanate: 2 g zeolite Catalyst name
Effect of furnace temperature 300, 350, 400, 500 3 8:2 Cat-350-3-4
Effect of residence time in furnace 350 1, 2, 3, 4 8:2 Cat-350-1-4
Effect of titanate: zeolite ratio 350 1 0:2, 4:2, 8:2, 12:2, 16:2 Cat-350-1-2
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hydroxyl groups [31]. In a study [28], the sulfadiazine adsorption and
degradation efficiency by titanium zeolite catalyst decreased with in-
creasing calcined temperature from 450 °C (93%) and 800 °C (86%). A
little decline in the percentage of pollutant decomposition could be due
to the increase in the particle size and crystallinity of TiO2. Higher
furnace temperatures yield larger TiO2 crystals on the zeolite surface
and subsequently reduces the removal efficiency [32]. The results show
that the furnace temperature can notably impact on the physical
characteristics of TiO2 [33]. As the calcination temperature increases,
the specific surface area decreases due to the crystalline extension of
TiO2 [34]. In the case of the zeolite-titanate photo-catalyst prepared at
350 °C showed the highest BET surface area. This results in more photo-
catalytic catalytic activity for the removal of pollutants. It is also re-
ported that the activation of the carbon-manganese catalyst increases at
400 °C due to the synergistic effect of the crystallized ions and the
appropriate phase composition [35].
3.2. Influence of furnace temperature on properties of Cat-350-3-4
3.2.1. Bet
Fig. S1 displays the adsorption–desorption isotherm of nitrogen and
particle size distribution for the Cat-350-3-4 photo-catalyst before and
after the usage as an activator of H2O2/UV/Sonication. According to the
IUPAC denomination, this catalyst is belonged to type I and IV Lang-
muir adsorption (which corresponds to the typical adsorption graph for
mesoporous material) and has an H3 hysteresis ring at high pressures.
For this type of hysteresis, the shape of cavities is a combination of
layers and cylindrical. The adsorption capacity increased with in-
creasing relative pressure due to the adsorption of N2 multilayers in the
inner surface of the mesopores. The rapid increase in adsorption ca-
pacity caused a sudden change in the relative pressure between 0.95
and 1 due to the N2 capillary density. The BET surface area of fresh and
used Cat-350-3-4 was computed to be 127 m2/g and 205 m2/g, re-
spectively. Increasing the surface area of the photo-catalyst after being
used in the IBU removal process indicates the formation of some new
cavities or the conversion of some micro- to meso-cavities during the
reaction. Another plausible reason for the increase in the surface area
could be the breakdown of photo-catalyst particles by ultrasonic waves
(and the creation of new surfaces). According to Table 2, the diameters
of the Cat-350-3-4 cavities before and after used in the reaction solution
are equal to 9.6 nm and 4.5 nm, respectively. The cavities' diameter of
the photo-catalyst decreased after being used, indicating its effective
activity in reducing the target contaminant [36].
3.2.2. Ftir
The FTIR test was performed to investigate the functional groups
and the impact of furnace temperature on zeolite-titanate formation.
The FTIR spectrum of the Cat-350-3-4 sample is shown in Fig. S1. First,
each spectrum is normalized to the maximum transmittance of the same
spectrum and then plotted. As shown in Fig. S1, six peaks are visible at
wavelengths less than 1700 cm−1. Wide bands at 3100–3700 cm−1 due
to OH stretching of water (H2O) or surface hydroxyl groups on TiO2
which play a critical role in the photo-catalytic reaction. Because the
mentioned groups can prevent the reproduction of photovoltaic loads
and therefore, the reaction does not stop with the presence of these
oxygenated functional groups [35]. It can be traced that the peak in-
tensity of these two groups increases with increasing calcined tem-
perature. This issue reduces the photo-catalytic efficiency of zeolite-
TiO2 [37]. The small peak appearing at 1631 cm−1 is affiliated to the
bending vibration of O–H groups in the zeolite structure [38]. The
peaks visible at the wavenumbers of 1174 cm−1, 1046 cm−1, and
905 cm−1 are related to the flexural vibration of the CH bond, the
tensile vibration of O-Si-O [39], and the tensile vibration of the Si-O-Al
bond, respectively. It is observed that the wavenumbers of these bonds
remain approximately unchanged after ibuprofen removal. The peak
visible at the wavenumber 700 cm−1 to 800 cm−1 is the tensile vi-
bration of bonds in the benzene ring [40]. As can be seen, the wave-
number for this peak decreased after IBU catalytic removal. This in-
dicates the successful adsorption of this pollutant on the catalyst
surface. The broad peak is also visible at wavelengths less than
800 cm−1 belongs to titanium oxide bonds which confirm the presence
of titanate in the photo-catalyst [41].
3.2.3. Xrd
The structure of the zeolite-titanium photo-catalyst before and after
use in the ibuprofen removal was examined by XRD test. The acquired
findings are shown in Fig. S1. The modification of the zeolite structure
by TiO2 can be confirmed by this test. The XRD pattern of natural
zeolite at 2θ = 25° has peaks that match the peaks expressed in the
reference codes. By comparison of the photo-catalyst before and after
the contaminant removal, it can be seen the peak of TiO2 in the catalyst
structure. This confirms the success of high TiO2 loading on zeolite. At
furnace temperature of 350 °C, Cat-350-3-4 showed the highest photo-
catalytic activity which further confirms that calcined temperatures can
affect the properties of zeolite and titanate. As shown in Fig. S1, the two
XRD spectra before and after being used for the ibuprofen oxidation
have approximately identical peaks. By matching the two spectra to the
reference spectra, titanium oxide (reference code: 01-073-1764) known
as anatase and zeolite (reference code: 01-085-1686) are identifiable,
where the anatase phase is predominant. By comparison of two XRD
spectra for before and after pollutant removal, it was observed that the
intensity of the spectral peaks (especially the peak of 2θ = 25) is re-
duced. The decrease in the crystalline peak intensity of the used photo-
catalyst may be due to the formation of a complete coating of IBU
molecules on the catalyst surface. The absence of specific peaks for TiO2
indicates that the titanate particles are suitably dispersed on the zeolite
which inhibits further growth of TiO2 crystals [42]. It has also been
found that calcination temperature affects the photo-catalytic activity
of calcined samples [11]. A researcher has stated that if the catalyst
preparation temperature elevated, the intensity of the XRD peaks would
decrease, resulting in a decrease in crystallinity and peak width and an
increase in the crystal size [28].
3.2.4. FESEM-edx
According to Fig. 3, elements of silicon, oxygen, and aluminum are
present in the fresh Cat-350-3-4 catalyst structure. The presence of ti-
tanium proves the presence of anatase in the system as confirmed by the
XRD test. The results of the elemental surface analysis of the used Cat-
350-3-4 catalyst are also shown in Fig. 3. After the catalytic reaction, in
addition to the preceding elements, the carbon content in the catalyst
has increased substantially. This indicates the successful removal of IBU
by the developed system (sonication/UV/H2O2/photocatalyst). In
Fig. 3, it is clear that the used photo-catalyst has been reacted with the
contaminant. It is also clear that the mean size of the nanoparticles is
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Fig. 2. The percentage removal of ibuprofen by zeolite-titanate catalyst pre-
pared at different temperatures (solution pH: 7 ± 0.2, H2O2 concentration:
0.7 mL, sonication time: 100 min, catalyst dose: 150 mL).
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about 35 nm. The smaller the particle reflects the lower the calcination
temperature. EDX tests were used to examine more accurately the
quantities of ibuprofen removal by the system (Fig. 3). After coating the
zeolite with the TiO2 surface, the surface of the catalyst is smoothed,
indicating that the TiO2 particles are insoluble in the zeolite and block
the pores to some extent. In the meantime, some fine particles are
Table 2
The most important properties of photo-catalysts prepared from zeolite-titanate for ibuprofen removal.
Parameter Unit Cat-350-3-4 Cat-350-1-4 Cat-350-1-2
Fresh Used Fresh Used Fresh Used
BET m2/g 127 205 96 110 39 110
BJH desorption cumulative surface area of pores m2/g 132 220 99 105 18 80
Adsorption average pore width (4 V/A by BET) nm 5.5 3.4 6.2 5.0 7.5 6.2
BJH adsorption average pore diameter (4 V/A) nm 9.6 4.5 11.6 9.7 54.8 12.0
BJH desorption average pore diameter (4 V/A) nm 8.7 4.3 10.5 8.7 40.4 11.1
Crystal size nm 8.4 6.0 8.8 6.6 8.5 4.9
Fig. 3. SEM, EDX, and mapping for the fresh and used Cat-350-3-4 catalyst.
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observed around the zeolite-TiO2. A portion of the TiO2 particle does
not precipitate in the inner pores and is dispersed on the surface of the
zeolite. After the TiO2 stabilization, the particle agglomeration is atte-
nuated and showed a certain dispersion. The TiO2 particles have a grain
distribution on the zeolite surface with a size of 25–45 nm. According to
the results of the EDX test, it is also found that in the used photo-cat-
alyst, the weight percent of the zeolite constituents (silicon and oxygen)
decreased. In contrast, the percentage of carbon at the catalyst surface
increased. This could indicate the creation of a layer of IBU on the
catalyst surface.
3.3. Influence of the residence time in furnace on the removal of ibuprofen
by photo-catalyst
Fig. 4 displays the effect of the photo-catalyst incubation time in the
furnace on the removal rate of ibuprofen. As can be seen, the Cat-350-1-
4 photo-catalyst has the highest removal efficiency of 88.67% (based on
COD) and 97.5% (based on IBU) for 1 h furnace time, whereas the re-
moval rate was about 68% (based on COD) for 3 h furnace time using
Cat-350-3-4. As the photo-catalyst stays longer in the furnace, the re-
moval efficiency is reduced. Other studies have shown that calcination
at very short times leads to incomplete crystallization and long-time
cause redness and burns of TiO2 [43].
3.4. Influence of furnace residence time on properties of Cat-350-1-4
3.4.1. Bet
Fig. S2 illustrates the adsorption–desorption isotherm of nitrogen by
the Cat-350-1-4 photo-catalyst. The isotherm is a mixture of type IV and
V for both fresh and used catalysts. Having an H3-type hysteresis ring at
high pressures of p/p°= 0.5–0.95, indicating mesoporous structure
which resulted in condensation of capillaries. The accumulation of
crystals causes meso-crystalline spaces in the form of meso-cavities. The
structure of the cavities is of complex mesoporous type and these rings
belong to porous minerals.
As shown in Table 2, the BET specific area of pristine Cat-350-3-4
and Cat-350-1-4 catalysts was 127 m2/g and 96 m2/g, respectively. In
the second step of the photo-catalyst optimization, the BET value was
reduced. This refers to the length of time the catalyst stayed in the
furnace, which may have affected the size of the crystals. According to
Table 2, the pore diameter for the fresh Cat-350-3-4 and Cat-350-1-4
was 9.6 nm and 11.6 nm and the used ones were reached to 4.5 nm and
9.7 nm, respectively. For the second optimization step (Cat-350-1-4),
the diameter and volume of the cavities increased. The higher pore
volume provides better contact between the catalyst and IBU and ulti-
mately has a significant impact on its removal rate by sonication/UV/
H2O2 [44,45].
3.4.2. FT-Ir
The FT-IR spectra of the Cat-350-1-4 samples are shown in Fig. S2.
In Fig. S2 the same six absorption peaks plus two small ones are visible.
Two peaks visible at the wavenumbers of 2880 cm−1 and 2980 cm−1
are related to the symmetric and asymmetric tensile vibrations of the
C–H bonds. The peak located at the 1394 cm−1 wavenumber corre-
sponds to the flexural vibration of the CH2 bond. The observation of
these peaks could be implied the removal of IBU molecule by the photo-
catalyst. After IBU oxidation, the O-Si-O peak intensity was decreased
in the catalyst, which may be due to the coating of the zeolite-titanate
with the contaminant. For the used photo-catalyst, the peak of the
benzene ring was intensified. This is another confirmation of the suc-
cessful removal of ibuprofen (containing benzene ring) by the system.
3.4.3. Xrd
The XRD spectrum for the Cat-350-1-4 photo-catalyst is presented in
Fig. S2. As is depicted in this figure, the crystal peaks appear in the
same positions to that of in Fig. S1, indicating the presence of zeolite
and titanium oxide (anatase) compounds in the catalyst structure. The
decrease in crystal peak intensities (especially the higher ones) in the
used photo-catalyst samples indicates the treatment of ibuprofen by
sonication/UV/H2O2/photo-catalyst. As shown in Fig. S2, the 1 h cal-
cination time sample (Cat-350-1-4) had the greatest effect on the IBU
removal by the zeolite-titanate catalyst.
3.4.4. FESEM-Edx
To investigate the effect of the Cat-350-1-4 catalyst on ibuprofen
elimination the corresponding FESEM images (for pre- and post-usage)
are shown in Fig. 5. Given this figure, the agglomeration of the catalyst
grains is evident before and after using the photo-catalytic process. The
results of the elemental analysis of the catalyst (Cat 350-1-4) surface are
also shown in Fig. 5. Again, the presence of silicon, oxygen, and alu-
minum proves the existence of the zeolite structure and the trace of
titanium is the reason for the presence of TiO2 in the photo-catalyst,
which was proved by XRD test. The results of surface elemental analysis
of used Cat-350-1-4 are illustrated in Fig. 5. An approximately two-fold
increase in the percentage of carbon element on the catalyst surface as
well as a significant decrease in the percentage of titanium element
confirms that the catalyst surface is covered by a layer of contaminants,
confirming the successful treatment of ibuprofen by the system.
3.5. Influence of titanate to zeolite ratio on ibuprofen removal
The effect of loading amounts of titanate on zeolite on IBU removal
is shown in Fig. 6. As can be seen, the percentages of COD removal by
Cat-350-1-2, Cat-350-1-4, and Cat-350-3-4 are 89%, 88.67, and 68%,
respectively. There was no significant difference between the results of
the catalyst removal rates of Cat-350-1-2 and Cat-350-1-4. Therefore,
Cat-350-1-2 was preferable in terms of economics and physicochemical
properties. The lower the titanate content, the higher the removal ef-
ficiency of the contaminant. Increasing TiO2 loading creates a linear
reduction in specific surface area which may be due to precipitation of
TiO2 particles at the zeolite surface and pore blockage. Increasing TiO2
content in the TiO2/ HZSM-11 catalyst from 3 to 30 wt% continuously
increases photocatalytic activity, but higher values decrease efficiency
[32]. This may be due to the generate large TiO2 particles on the zeolite
surface, which confirms the results of this study.
3.6. Influence of titanate to zeolite ratio on properties of Cat-350-1-2
3.6.1. Bet
Fig. S3 shows the nitrogen adsorption–desorption isotherms for the
third step of photo-catalyst optimization (Cat-350-1-2). According to
the IUPAC classification, isotherms of the fresh and used photo-catalyst
exhibited the type III and IV with an H3 type hysteresis ring. The BET
surface of the Cat-350-1-2 sample was significantly increased after
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Fig. 4. The percentage removal of ibuprofen by zeolite-titanate catalyst pre-
pared at different time residence in the furnace (solution pH: 7 ± 0.2, H2O2
concentration: 0.7 mL, sonication time: 100 min, catalyst dose: 150 mL).
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being used in the reaction mixture. Again, the main reason for this may
be the use of sonication during the ibuprofen removal process. The pore
structure factors, as opposed to BET areas, were significantly reduced.
Because the deposition of TiO2 on the zeolite surface will block the
pores. The TiO2 particles cover not only the surface of the zeolite but
also the pores. That is the plausible reason behind the higher removal
efficiency of ibuprofen by Cat-350-1-2 than that obtained by Cat-350-1-
4. On the other hand, when the amount of TiO2 is slightly increased, the
accumulation at the zeolite surface increases. As a result, the particle
size increases, the dispersion decreases, and ultimately the photo-
catalytic activity decreases. A previous study reported that catalyst
samples containing 30% calcined TiO2 at 450 °C have the best perfor-
mance [32]. This study demonstrated the best performance of a sample
containing 2 mL titanate at a calcined temperature of 350 °C
3.6.2. FT-Ir
The FT-IR spectra of the samples were incubated at 350 °C for 1 h in
the presence of 2 mL of titanate (Cat-350-1-2) are depicted in Fig. S3.
The two FTIR spectra for the pre- and post-pollutant removal are almost
identical. But the peak resonance due to the flexural vibration of CH2
indicates the successful removal of the IBU molecules by the zeolite-
titanate surface.
3.6.3. Xrd
The XRD spectra of the Cat-350-1-2 photo-catalyst (before and after
the reaction with IBU) are visible in Fig. S3. Like the result of the FT-IR
test, no specific change in the XRD spectrum was observed for both pre-
and post-used samples. Three diffraction peaks were observed in the
zeolite-titanate catalyst at 2θ values of 25.5°, 37.9°, and 48.2°, which
 
Fresh Fresh
Used Used
Fresh Used
Fig. 5. SEM, EDX, and mapping for the fresh and used Cat-350-1-4 catalyst.
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represents (1 0 1), (0 0 4), and (2 0 0) TiO2 anatases, respectively. The
XRD analysis affirmed the successful incorporation of TiO2 by the
zeolite plates. As shown in Fig. S3, the diffraction peak has not changed
in the samples. This structure may have two properties: First, the pre-
sence of TiO2 particles does not affect the zeolite structure and second,
TiO2 and zeolite have synergistic effects [28]. As shown in Fig. S3, the
widening of the peaks in the presence of less titanate means a decrease
in the crystalline size of the titanium oxide. The crystallite size was
calculated by the following formula:
=D K λ B cos θ/ ( ) (1)
where λ is the x-ray wavelength used (1.54 Angstrom), K is the shape
factor (approximately 0.9), B is the peak width at half-height, and θ is
the peak location. Decreasing the crystallinity of nanoparticles may
increase the amount of contaminant adsorption. The crystallite size of
titanium oxide in samples containing 4 mL and 2 mL of titanate ap-
proximately was computed to be 6.63 nm and 4.97 nm, respectively.
Therefore, it can be concluded that the decrease in the amount of ti-
tanate reduced the crystallite size of TiO2 particles. Reducing the size of
the crystals results in a higher dispersion of the TiO2 particle on the
zeolite surface and thus a higher removal efficiency. The decrease in the
crystallinity of nanoparticles may be due to increased contaminant re-
moval [28].
3.6.4. FESEM-Edx
The morphology of the Cat-350-1-2 catalyst was determined by
FESEM analysis. Fig. 7 shows prismatic crystals property of zeolite and
spherical TiO2 nanoparticles (20–45 nm) and clusters linked to the
surface of the used and fresh zeolite-titanate. As shown in Fig. 7, the
presence of silicon, oxygen, and aluminum prove the presence of the
zeolite structure. Also, the detection of titanium confirms the presence
of TiO2 in the developed catalyst. The amount of carbon can indicate
whether or not the ibuprofen reacts with the catalyst surface. Here, it is
observed that before the reaction, the amount of carbon element is
meager at about 1%. After the removal process, a 9-fold increase in
carbon content and a decrease in the titanium percentage of the photo-
catalyst structure has happened. However, ultrasonic waves have also
contributed to the high accumulation of carbon compounds on the
catalyst surface by accelerating mass transfer. These issues may be an
indication of the successful removal of IBU by the developed process.
3.7. Effect of presence/absence of ultrasonic wave on the IBU removal
kinetic
The kinetics of ibuprofen decomposition in the presence (Zeolite-
TiO2-UV/Ultrasound/H2O2) and absence of ultrasonic waves (Zeolite-
TiO2-UV/H2O2) were investigated. The pseudo-first-order equation was
used to determine the kinetics rate (Eq. (2)). The corresponded results
are depicted in Fig. 8.
⎜ ⎟
⎛
⎝
⎞
⎠
= −ln IBU
IBU
k. timet
0 (2)
The rate of removal of ibuprofen (k, 1/min) in the presence of ul-
trasonics is ~3 times higher than that of the unused ultrasonic tool. This
highlights the importance of the presence of ultrasonic waves in the
photo-catalytic removal of ibuprofen. The rate of ibuprofen removal
(k = 0.03 1/min) is similar to that reported for the Co3O4/BiOI visible
light degradation (0.001–0.09 1/min) [13] and TiO2-boron nitride na-
nocomposites (0.02–0.04 1/min) [46] systems. However, the testing
conditions in our work and these reports are very different.
3.8. Pathway for ibuprofen degradation by the optimal catalyst
The products of ibuprofen decomposition caused by UV light, H2O2
oxidizer, and ultrasonic waves in the presence of photo-catalysts were
investigated by GC-Mass (Fig. 9). It is expected that the hydroxyl ra-
dicals (OH%) created by UV light or ultrasonic waves will trigger the
ibuprofen degradation reaction and alter the structure of the drug.
Molecular structures based on the molecular weight of m/z obtained
from the mass spectra were analyzed and plotted by Chem Draw soft-
ware, the results of which are visible in Fig. 9. Proposed structures and
pathways of destruction caused by ring-opening and methylation [47],
oxidation [48], radical bond breakage [49], and sequential oxidation
[50]. Similarly, lighter molecular weight fragments created by the de-
gradation of ibuprofen in the developed system. Our results for the mass
spectrum are supported by Fung and Ma et al. [51,52].
3.9. Proposed mechanism for ibuprofen degradation
The possible mechanism of the effect of zeolite-TiO2 along with UV/
Ultrasound/H2O2 for the decomposition of ibuprofen is shown in
Fig. 10. At optimum pH (pH 5), elements such as Ti, Cl, Si, Ca, S, Al, Na,
K, Zn, etc. in the zeolite structure are reacted with the pollutant and
simultaneously the photo-catalyst with ultrasound results in the pro-
duction of hydroxyl radical. Hydroxyl radicals are produced by photo-
catalysis and UV/ultrasound processes, which ultimately results in a
collective effect and promotes the oxidation efficiency of ibuprofen
(Eqs. 3–16). During these processes, the coupling of electrons and
cavities at the TiO2 surface is prevented, the mechanism being as TiO2-
stimulated photon electrons (due to UV radiation) are used to produce
ions in the zeolite at lower capacities. The stoichiometric value of H2O2
consumption is calculated for ibuprofen mineralization in Eq. (2). It is
expected that H2O2 will decompose to H% with ultrasound and generate
more OH% [53,54]. Hydroxyl radicals can substantially degrade organic
compounds, but often hydrogen peroxide is re-combined in large
quantities with different rebels, reducing the rate of reaction [22,55].
[18,56]
C13H18O2 + 33 H2O2 → 13 CO2 + 42 H2O (3)
→ ∙H O 2OH2 2
Ultrasonicwaves
(4)
H2O2 + H% → OH% + H2O (5)
H2O2 + OH% → OOH% + H2O (6)
OH% + OH% → H2O2 (7)
OH + H% → H2O (8)
OH% + OOH% → H2O + O2 (9)
OOH% + OOH% ↔ H2O2 + O2 (10)
OOH% + H% → H2O2 (11)
0
10
20
30
40
50
60
70
80
90
100
0:2 4:2 8:2 12:2 16:2
Re
m
ov
al
 (%
)
mL titanate: g Zeolite
COD
IBU
Fig. 6. The percentage removal of ibuprofen by zeolite-titanate catalyst pre-
pared with different ratios of zeolite: titanate (solution pH: 7 ± 0.2, H2O2
concentration: 0.7 mL, sonication time: 100 min, catalyst dose: 150 mL).
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TiO2 (h+) + Y → TiO2 + Y+ (12)
TiO2 (h+) + H2O → TiO2 + OH% + H+ (14)
TiO2 (e−) + O2 → TiO2 + O2− (15)
TiO2 (e−) + H2O2 → TiO2 + OH% + OH− (16)
When the TiO2 energy in the reaction suspension is even to or
higher than the UV band gap the electron cavity pair can be generated.
The excited photo-cavities are capable of accepting electrons present on
the TiO2 surface or in the solvent. This results in the oxidation of or-
ganic matter by the OH%, the photovoltaic, and O− [28].
Hydroxyl radicals produced by ultrasonic waves (due to the pyr-
olytic decomposition of water molecules) are also useful in the drug
removal process. The synergistic effect of sono-degradation with other
advanced oxidation techniques removes many of the problems of sono-
degradation in terms of energy consumption and time. The integration
of advanced oxidation techniques with ultrasound increases the de-
gradation rate and can be applied on a large scale [57,58].
The efficiency of the photolytic process can be significantly in-
creased when UV radiation is combined with H2O2. The oxidizing
power of H2O2 can be reasonably improved by generating HO by O-O
splitting with sufficient quantum photon energy (~213 kJ/mol, at
wavelength< 280 nm). During the use of UV/ H2O2, the rate of
Fresh Fresh
Used Used
FreshUsed
Fig. 7. SEM, EDX, and mapping for the fresh and used Cat-350-1-2 catalyst.
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degradation depends on the optimal oxidant concentration because it
has a deterrent effect beyond it, and the radicals tend to recombine and
reproduce H2O2 [21].
With the integrated system (zeolite-TiO2-UV/ultrasound/H2O2),
hydroxyl radicals are produced in large quantities in the reactor,
thereby increasing the purification efficiency. Also, the electron-hole
reconstitution in the photo-catalyst is reduced by this system, which
increases the degradation efficiency. The excited electrons by ions in
the photo-catalyst can block the electron reconstitution and, thus, the
continuation of radical production [59].
3.10. Energy consumption in the presence/absence of ultrasonic wave
The energy consumed for the components of the ibuprofen removal
system was calculated under optimal conditions (zeolite/TiO2 dose:
0.07 g/ 150 mL, pH: 5, ibuprofen concentration: 100 mg/L, H2O2 dose:
0.7 mL, contact time: 100 min; UV power: 6 W). The amount of energy
consumed for the zeolite-TiO2-UV/ultrasound/H2O2 system as follows:
The voltage and electric current input to the ultrasonic device
(Model S30H, Elma) was 230 V and 0.001 A, respectively. So, the power
consumed per time unit by this device is:
• Supply voltage × Electric current = 230 V × 0.001 A = 0.23 J/s
Power consumption of the UV lamp per time unit is also computed
as:
• Supply voltage × Electric current = 220 V × 0.03 A = 6.6 J/s
The IBU removal was done at 100 min sonication, so this time is
equal to 6000 s (100 min × 60 s). The amount of electrical energy
given to the solution in the reactor calculated using the calorimetric
method and it was 5.04 kJ.
The value of energy consumed per 100 min sonication and UV ex-
posure was determined as:
• 6000 s × 0.23 J/s × 6.6 J/s = 9.1 kJ
The values of consumed materials (water, H2O2, and photo-catalyst)
in this study were 150.77 g. Therefore, the total amount of energy
consumed per unit material was computed as:
• (9.1 kJ + 5.04 kJ)/ 150.77 g) = 0.094 kJ/g
The amount of energy consumed in ‘sonication/H2O2/UV/zeolite-
TiO2′ system for ibuprofen removal under optimal conditions was not
significant (0.094 kJ/g). No article was found to compare the results.
If the sonication tool is not used to eliminate ibuprofen in the de-
veloped system (and instead of this tool the shaker-incubator is used),
the energy consumption would be much higher (~17.5 kJ/g). This
implies that the system used is economical.
4. Conclusion
This study aimed to develop a new sono-photocatalyst of zeolite-
titanate to remove ibuprofen. The results showed that the zeolite-tita-
nate nano-photocatalyst synthesized by the sol–gel way and calcined at
350 °C for two hours with a volume of 2 mL titanate (Cat-350-1-2)
could be used as a viable option to remove ibuprofen from the aqueous
phase. The optimal catalyst achieved the best degradation of IBU (89%)
compared to other incentives in this study under similar conditions. The
photocatalytic activity of the zeolite-titanate catalysts was strongly
dependent on the calcination temperature. Short calcination time re-
sults in incomplete crystallization of titanate. In contrast, long calci-
nation times result in burns, yellowing, and deformation of the crystals.
The specific surface area of the optimal catalyst was 39 m2/g and in-
creased after being used in the IBU removal mainly due to ultrasonic
waves. A comparison of XRD diffraction peaks revealed that the peak of
titanium dioxide nanoparticles indicates the successful loading of the
nanoparticles onto the zeolite material. The kinetics of drug removal in
the presence and absence of ultrasonic waves differed significantly in
terms of reaction rate. The system’s energy consumption was calculated
in the presence/absence of ultrasonic waves, indicating that the use of
ultrasonic was more economically advantageous. In the end, the de-
veloped system is an effective and low-cost technique for the treatment
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of wastewater containing ibuprofen.
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